for each parameter. Histopathologic diagnosis of pure TE (n = 10) or pure GBM (n = 34) was confirmed in tissue samples from 15 consecutive subjects with analyzable data. Perfusion thresholds of sRCBV (3575; SN/SP% = 79.4/90.0), nRCBV (1.13; SN/SP% = 82.1/90.0), and nCBF (1.05; SN/ SP% = 79.4/80.0) distinguished TE from GBM (P < 0.05), whereas ADC, PSR, and PH could not (P > 0.05). The thresholds for CBF and CBV can be applied to lesions with any admixture of tumor or treatment effect, enabling the identification of true tumor burden within enhancing lesions. This approach overcomes current limitations of averaging values from both tumor and TE for quantitative assessments.
Introduction
A prevailing challenge in patients diagnosed with glioblastoma (GBM), throughout their treatment course, is distinguishing tumor from treatment effect (TE). Current imaging response criteria [1] rely heavily on T1w and FLAIR imaging to assess tumor burden, which may yield confounding information when treatment effects are present [2] [3] [4] [5] . Because of this several studies have been undertaken to investigate the use of additional imaging markers for the assessment of tumor progression or treatment response [2, 3, 6, 7] . Advanced imaging parameters, derived from perfusion and diffusion MRI (pMRI, DWI), have demonstrated the potential to distinguish between GBM and TE. This information could substantially improve treatment management, while also providing further guidance for surgical biopsy or resection [5] .
Abstract The goal of this study is to spatially discriminate tumor from treatment effect (TE), within the contrastenhancing lesion, for brain tumor patients at all stages of treatment. To this end, the diagnostic accuracy of MRIderived diffusion and perfusion parameters to distinguish pure TE from pure glioblastoma (GBM) was determined utilizing spatially-correlated biopsy samples. From July 2010 through June 2015, brain tumor patients who underwent preoperative DWI and DSC-MRI and stereotactic image-guided biopsy were considered for inclusion in this IRB-approved study. MRI-derived parameter maps included apparent diffusion coefficient (ADC), normalized cerebral blood flow (nCBF), normalized and standardized relative cerebral blood volume (nRCBV, sRCBV), peak signal-height (PSR) and percent signal-recovery (PSR). These were co-registered to the Stealth MRI and median values extracted from the spatially-matched biopsy regions. A ROC analysis accounting for multiple subject samples was performed, and the optimal threshold for distinguishing TE from GBM determined 1 3 Although promising, the utility of pMRI and DWIdefined biomarkers for distinguishing GBM from TE has not been fully realized. This may be largely due to the use of gross regional metrics, derived from the mean, median or maximum values extracted from the entire enhancing T1w or hyperintense FLAIR areas [2, 3] to define thresholds for distinction. Though these metrics have shown value, they do not take into account the admixture of both GBM and TE within the entire abnormality, and to what degree either is present. Therefore, an accurate indication of residual tumor or TE is confounded by the spatial averaging and most likely explains the substantial variation in thresholds reported to distinguish these tissue types.
Another limitation of studies using published thresholds to distinguish tissue types is that, in several cases, the thresholds are used for purposes for which they were not originally defined. For example, a normalized (to a reference brain ROI) relative cerebral blood volume (nRCBV) threshold of 1.75 has been used to distinguish GBM from TE or to predict GBM progression [8] [9] [10] [11] . Yet, this threshold was originally determined for the purpose of differentiating low-grade from high-grade glioma [12] . Although there is utility in this threshold, it was not validated for the intent to distinguish tumor from TE.
Tissue specimens obtained through stereotactic correlation with MRI not only diminish the effects of averaging, but also allow for a more direct correlation of imaging parameters and histopathology, with reduced sampling error and increased precision [13, 14] . A novel factor of this study, is the utilization of tissue specimens of pure histological diagnosis, which contain no admixture of tissue types. This factor enables the determination of a threshold that should be repeatable and easily validated by many sites, as it will not depend on the tissue admixture particular to each site's study population. Also, newly explored in this study, is the evaluation of diffusion and standardized perfusion parameters for distinguishing TE from GBM. In summary, the aim of this study was to determine the diagnostic accuracy of several pMRI and DWI parameters for distinguishing TE from GBM, by using spatially correlated tissue specimens that contain only a pure histological diagnosis of TE or GBM.
Materials and methods

Participants & histology
All imaging and histopathology data was obtained in accordance with HIPAA guidelines and after obtaining informed, written consent according to the guidelines approved by our Institutional Review Board (IRB). Consecutive individuals with brain lesions who had undergone image-guided biopsy utilizing pre-surgical Stealth from July 2010 through June 2015 were considered for this study. Subjects underwent surgery for their tumor based on clinical warrant, which included clinical presentation, imaging findings, and performance status [1] . Of note, co-localized histological specimens are routinely collected using a specialized protocol for deposit to an institutional bank for future correlative-image analysis. Sampling sites were guided using the post-contrast spoiled gradient recalled (SPGR) that was uploaded to the neuro-navigation unit, and determined based on surgical approach, with considerations for lesion size, location, and patient safety to best obtain a robust representation of the histopathology for diagnostic and clinical purposes. Additionally, only those patients with multiple tissue samples having a histopathologic diagnosis of pure TE or pure GBM tissue with available pre-surgical diffusion and perfusion imaging were retrospectively identified and subsequently included in this study. A neuropathologist (EC) with 27 years of experience reviewed all tissue samples. Diagnosis of TE was based upon histologic changes as previously described [15] and for GBM was based upon World Health Organization (WHO) classification criteria [16] . Specifically, tissue samples diagnosed as TE contained coagulative necrosis in combination with hyalinized and/ or telangiectatic vessels, fibrinoid necrosis of vessel walls, dystrophic calcifications, or cytologic atypia with bizarre nuclei and abundant cytoplasm [15] . Mitoses should be rare [15] . Tissue samples diagnosed as GBM contained all of the following features according to the classification scheme: highly cellular neoplasm composed of astrocytic appearing cells with nuclear pleomorphism and hyperchromatism, increased mitoses, necrosis with or without pseudopalisading and/or microvascular proliferation [16] . In this study, tissue samples classified as GBM were astrocytic and did not contain any identifiable portions of TE. More specifically, tissue samples with any admixture of tumor cells and TE were purposefully not included in this study. (While some studies categorize tissue as tumor when any percentage of tumor cells are present, this can confound determination of an accurate and consistent threshold for all study cohorts.) However, one case with tissue samples of mixed histopathology, containing both GBM and TE, is used to demonstrate the application of the determined thresholds, but is not used in the analysis performed to determine the thresholds. Subjects were excluded from analysis if they received treatment for their tumor during the interval between MR imaging and surgery. Samples were excluded from analysis if they were in regions where T1w images showed no enhancement, were obtained in a location that had poor DSC signal quality, included incomplete or missing data, inadequate contrast agent injection, or incomplete anatomic coverage. The number of participants included in this study was based on availability, and not based on a power analysis.
MR imaging
Two pre-surgical MRI exams were performed on either a 1.5T or 3T MRI system (GE Healthcare, Milwaukee, WI or Siemens, Munich, Germany) prior to surgical biopsy. Data obtained in the initial MRI exam included SPGR, diffusion-weighted imaging (DWI), and dynamic susceptibility contrast imaging (DSC). The SPGR was collected with TR = 5.8-17 ms and TE = 1.8-4.8 ms, flip-angle = 10°-30°, 96-160 slices with slice thickness = 1.0-1.5 mm, inter-slice gap = 0 mm, acquisition-matrix = 256-320 × 192-320, and field of view = 220-320 × 156-320 mm 2 . Isotropic DWI was collected with TR = 4100-10,000 ms, TE = 46-129 ms, flipangle = 90°, 22-32 slices with slice thickness of 5, inter-slice gap = 0-1.5 mm, acquisition-matrix = 128-352 × 128-224, and field of view = 110-240 × 105-240 mm 2 . The DSC gradient-echo echo-planar imaging (GRE-EPI) was collected as follows: TR = 1100-1250 ms, TE = 30 ms, flipangle = 70°-80°, 13 slices with slice-thickness = 5 mm, inter-slice gap = 0-1.5 mm, acquisition-matrix = 96 × 96, and field-of-view = 165-220 × 165-220 mm 2 , using a 0.1 mmol/ kg dose of gadobenate dimeglumine (Multihance: Bracco Diagnostics Inc., Princeton, NJ) contrast agent. In total, a 0.05-0.1 mmol/kg preload injection was administered before the post-contrast anatomic images were collected and a 0.1 mmol/kg dose administered during DSC data collection [17, 18] . The DSC contrast agent injection occurred at approximately 60 s into the DSC study at a rate of 3 ml/s using a power-injector. The second MRI exam was performed within 1 day of surgery and consisted of a pre-surgical Stealth exam that included SPGR, which was used to co-localize tissue samples to the MRI via a surgical navigation unit (StealthStation S7: Medtronic, Minneapolis, MN) utilized for image-guided biopsy. Since DSC is routinely acquired for diagnostic purposes and throughout patient follow-up at our institution, it is not typically acquired during the second pre-surgical exam, which is acquired foremost for surgical planning. Using the pre-surgical Stealth SPGR, all biopsy locations were visually recorded through individually labeled image captures from the navigation unit. The Stealth SPGR was collected within the same settings as the initial SPGR.
Processing
Perfusion metrics of relative cerebral blood volume (rCBV) and cerebral blood flow (CBF) were calculated from DSC data using IB Neuro™ (Imaging Biometrics, Elm Grove, WI), which incorporates a rCBV leakage-correction algorithm [18, 19] . Of note, preload dosing, a mid-range flip angle and post-processing leakage correction were used to diminish unwanted changes in both T1 and T2* that can result from contrast agent leakage, which is dependent on not only contrast agent dosing but also parameter settings and field strength. Standardized rCBV (sRCBV), nRCBV, and normalized CBF (nCBF) were created with built-in standardization files, [20] or normalized to manually drawn reference regions of interest (ROIs) in normal appearing white matter, respectively. Peak signal height (PH) and percent signal recovery (PSR) were calculated using inhouse scripts from the DSC time course data as previously described [21] . Using in-house scripts the apparent diffusion coefficient (ADC) was calculated from DWI data acquired at b-values of 0 and 1000 s/mm 2 . All in-house scripts utilized functions available within Analysis of Functional NeuroImages (AFNI) software [22] .
Parameter maps were then rigidly co-registered with a normalized mutual information cost function using FMRIB Software Library (FSL) [23] . Briefly, all perfusion and diffusion metrics were co-registered with the pre-surgical SPGR, where the DSC series was co-registered via a T1w reference series acquired in the exact same slice prescription as the DSC series. The pre-surgical SPGR was subsequently coregistered to the Stealth SPGR, and the same transformation matrix was applied to the perfusion and diffusion images. Spherical ROIs with a radius of 1.5 mm were manually drawn on the Stealth SPGR and visually matched in axial, sagittal, and coronal planes to the Stealth SPGR image of the biopsy coordinates captured during surgery. Actual sizes of the pure tissue samples were larger than the manually drawn spherical ROIs to mitigate potential error resulting from ROI placement or brain shift or swelling during surgery [24] . An example of this ROI placement, along with rCBV, ADC and hematoxylin and eosin (H&E) histology staining is shown in Fig. 1 . Positive, non-zero median values were extracted from the ROIs for each co-registered parameter.
Statistical analysis
Generalized estimating equations (GEE) analysis using a robust estimator for the variance, to account for multiple samples from the same subject, was performed twice for each parameter: initially to determine if pure GBM samples from treatment naïve and previously treated participants could be statistically combined (P > 0.05), and foremost to determine if pure GBM samples could be statistically differentiated from those with pure TE (P < 0.05). A receiver operator curve (ROC) analysis was then performed and area under the curve (AUC) determined for the parameters that showed statistically significant differences. Using this analysis, the threshold that provided the best sensitivity (SN) and specificity (SP) for distinguishing TE from GBM was then determined. In addition, a logistic regression analysis was performed to determine if combing ADC with either rCBV or CBF would improve diagnostic ability. The binary logistic output derived from the GEE analysis was used as input for the ROC analysis, AUC determination, and logistic regression analysis. All statistical analyses were performed using SPSS Statistics version 22 (IBM Corp, Armonk, NY).
Results
There were 18 consecutive participants that met inclusion criteria for analysis in this study. Of these, one subject was excluded due to a poor contrast agent injection. Another subject was excluded because all biopsy samples were acquired in non-enhancing regions. A third subject was excluded because they received a course of chemotherapy between imaging and surgical biopsy. Individual samples were also excluded because they were from non-enhancing regions (n = 2) or the sample was obtained within a region where no DSC signal was present or had insufficient signal (n = 2). Therefore, 44 samples with histologic diagnosis of pure TE (n = 10) or pure GBM (n = 34) were included in this analysis from the remaining 15 participants. For these patients all correlative imaging was acquired a median of 5 days prior to surgery. The average age of the 8 male (51 years, range = 31-64) and 7 female (58 years, range = 30-68) participants was 54 (range = 30-68) years. The Stealth MRI exam, used with the surgical navigation unit for co-localization of tissue samples, was performed within one day of surgery for all participants. An average of 3 samples were obtained from each participant (2-5 samples/participant). Participants were previously treated with radiation therapy (RT) alone (n = 2), RT in combination with chemotherapy (n = 4), or RT in combination with chemotherapy followed by bevacizumab with TRC105 on first recurrence (n = 1), while 8 were treatment naïve. Of the patients who received treatment, image-correlated specimens were obtained from surgery that was performed while subjects were off treatment (n = 5), during the treatment course of adjuvant = 1) , or during treatment with bevacizumab and TRC105 (n = 1). The pure GBM samples came from both treatment naïve (n = 25 samples) and treated (n = 9 samples) patients. The pure TE samples came from treated patients only (n = 10 samples).
Representative H&E histology staining is seen in Fig. 2 , showing specimens of pure GBM from both a treated and treatment naïve patient, a specimen of containing pure TE, and lastly a specimen containing GBM admixed with TE. The admixed sample was not used in analysis for calculation of a threshold, but is presented to draw a distinction between samples that were included in this study from those that were not. Representative diffusion and perfusion image parameter maps are shown in Fig. 3 . GEE analysis revealed no statistically significant differences in parameter values between treated (n = 9) and untreated (n = 25) GBM samples (P > 0.05) across all parameters as displayed in Table 1 . Therefore, GBM samples were analyzed collectively irrespective of prior treatment. The ADC (P = 0.149), PH (P = 0.325), and PSR (P = 0.742) could not statistically distinguish between TE and GBM (P > 0.05). However, the sRCBV (<3575 a.u., P = 0.001), nRCBV (< 1.13 a.u.; P = 0.0004), and nCBF (1.05 a.u.; P = 0.002) were able to distinguish TE and GBM. These results are also shown in Table 1 . Both sRCBV (SN/SP%=79.4/90.0; AUC = 0.853) and nRCBV (SN/SP%=82.4/90.0; AUC = 0.888) had better specificity than did nCBF (SN/SP%=79.4/80.0; AUC = 0.859). Applying thresholds of sRCBV, nRCBV, and nCBF enable the creation of fractional tumor burden (FTB) maps [25] as shown in Fig. 4 . The FTB maps in Fig. 4 were generated for a subject whose data was not used in the calculation of any thresholds, but is presented for prospective illustration only. As shown, the FTB map can be used to distinguish areas of TE from GBM within T1w enhancement. The tissue samples obtained from this patient were confirmed as being a mixture of GBM and TE, where the degree of TE and GBM present in the FTB maps reflect the histology of the biopsy specimens. Logistic regression analysis revealed that ADC was not significant when combined with nCBF (χ 2 (ADC) = 0.113, df = 1, P = 0.737), nRCBV (χ 2 (ADC) = 0.374, df = 1, P = 0.541), or sRCBV (χ 2 (ADC) = 0.000, df = 1, P = 0.987). While treated and untreated GBM samples were not statistically different, a separate sub-analysis of seven patients with treated GBM (n = 9) and TE (n = 10) samples was performed. These results also showed no statistical ability to distinguish TE from treated GBM samples for ADC (P = 0.064), PH (0.145), or PSR (P = 0.368). Additionally, TE was distinguished from treated GBM samples with equivalent specificity for sRCBV (P = 0.010; SN/SP% = 88.9/90.0; AUC = 0.900), nRCBV (P = 0.015; SN/SP% = 88.9/90.0; AUC = 0.933) and nCBF (P = 0.0003; SN/SP% = 77.8/80.0; AUC = 0.867) as for the combined analysis. Logistic regression analysis also revealed that ADC was not significant when combined with nCBF (χ 2 (ADC) = 1.390, df = 1, P = 0.238), nRCBV (χ 2 (ADC) = 0.115, df = 1, P = 0.735), or sRCBV (χ 2 (ADC) = 1.296, df = 1, P = 0.255).
Discussion
Thresholds for perfusion parameters sRCBV, nRCBV, and nCBF were determined to distinguish between pure GBM and pure TE, each providing an accuracy greater than 0.80. In a recent report that included nine patients with 26 biopsy samples, where nRCBV was the only parameter examined, a nRCBV threshold of 1.00 was found to differentiate GBM from TE [25] . However, in their study, the GBM samples analyzed were allowed to contain any admixture of TE, which likely forced a lower threshold in order to reliably distinguish GBM from TE in the studied population. In this study, which incorporated a larger population with a greater number of tissue samples, the nRCBV threshold of 1.13 is slightly higher, as expected since all samples were pure GBM or pure TE. However, the fact that both sites determined a threshold close in value bodes well for using rCBV to consistently distinguish tumor from treatment effect. It is highly relevant that sRCBV was found to distinguish GBM from TE with similar accuracy as nRCBV, as use of standardization provides increased repeatability and decreased variability among patients and between imaging sessions, Noticeable in the PSR image is the absence of tumor contrast compared to other tissue, which occurs when a preload dose of contrast agent is administered for the purpose of reducing T1-related leakage effects in the calculation of rCBV Table 1 Results of GEE analysis, including ROC results for parameters that significantly distinguished GBM from TE GEE Generalized estimating equations, ROC receiver operator curve, GBM glioblastoma multiforme, TE treatment effect, ADC apparent diffusion coefficient, PH peak signal height, PSR percent signal recovery, sRCBV standardized relative cerebral blood volume, NAWM normal appearing white matter, nRCBV normalized relative cerebral blood volume (to NAWM), nCBF normalized cerebral blood flow (to NAWM), SP specificity, SN sensitivity, AUC area under the curve, CI confidence interval while also eliminating the need to subjectively identify a reference region of interest for normalization [19] .
Interestingly, PH and PSR demonstrated no ability to differentiate GBM from TE. However, as previously described [21] , using a preload, while helpful for the creation of rCBV maps, does decrease PSR contrast. Therefore, PH and PSR may show potential for distinguishing GBM from TE if the DSC-MRI data is collected without a preload of contrast agent or with a lower flip angle, the approach used in a previous study demonstrating the utility of these parameters [6] . Use of dual-echo DSC-MRI method such as SPICE (spiral perfusion imaging with consecutive echoes) [26] would allow for the optimal determination of both parameters since a contrast agent preload is not required. This results from the fact that T1 leakage effects are automatically eliminated by virtue of the dual-echo acquisition [18, 27] .
Surprisingly, ADC did not statistically distinguish GBM from TE, nor did combining ADC with rCBV or CBF improve diagnostic accuracy [3] . However, in this study, only samples within T1w enhancement were included.
There may be further utility in examining ADC in areas of hyperintense FLAIR without post-contrast T1 enhancement [13, 28] . Furthermore, whereas this study was restricted to two b-values, examining ADC collected with alternative or additional b-values may offer an improved characterization of GBM and TE. For example, higher b-values have shown promise in discerning true tumor progression following chemo-radiotherapy, such as in the study by Chu et al. in which a histogram analysis of ADC calculated from b-values of 0 and 3000 s/mm 2 had better diagnostic performance than ADC calculated from b-values of 0 and 1000 s/mm 2 [29] . Although not examined in this study, the metabolite concentrations identified with MR spectroscopy (MRS) have also been shown to be useful in distinguishing focused regions of TE from GBM [2, 3] . Additionally, dynamic contrast enhanced (DCE) and arterial spin labeling (ASL) imaging have shown utility in regional characterization, and in the future may prove to be additional accurate biomarkers for spatially characterizing GBM and TE [2, 30, 31] .
There were several limitations in this study. The IDH status was not available for the subjects included in this study. It has been reported that rCBV is higher [32] and ADC lower [33] in those with IDH wildtype tumors, which is prevalent in approximately 90% of GBM cases [34] . Therefore, the results of this study likely appropriately reflect the general GBM population with a greater representation of IDH wildtype subjects. However, if possible IDH status should be accounted for in future studies. Additionally, though there were 44 tissue samples utilized, the number of participants included was based on available datasets and not a pre-determined power analysis. The number of samples utilized was also restricted since non-pure tissue types were intentionally not included, to allow for a well-defined comparison of two distinct groups. Yet, with the number of samples included, good statistical power was achieved with the use of GEE, which also accounts for multiple samples from the same subject, in differentiating GBM from TE. Still, further confirmation of the determined threshold is recommended using a greater number of correlated tissue and imaging samples.
As rCBV and CBF were co-registered to higher resolution anatomical images, the application of calculated thresholds is somewhat limited by resolution. Yet, with advances in parallel imaging, this should become less important. Similarly, brain shift and swelling or compression may also affect the accuracy of stereotactic co-localization of imaging to biopsy site [24] . To mitigate potential errors, samples were not collected for analysis when tissue swelling beyond the resection margins or sinking into the resection cavity occurred. Guided by the STEALTH navigational probe for confirmation, this was determined at the discretion of a neurosurgeon (WM) with 26 years of experience. Additionally, all tissue biopsy specimens were larger than the ROI used to extract imaging parameter values, which provides another level of Fig. 4 Example fractional tumor burden (FTB) maps in a 58-year-old female, whose samples were not included in the analysis for calculation of thresholds to differentiate TE and GBM. The tissue histopathology of the region encircled in blue is TE with sparse neoplastic astrocytes, and encircled in yellow contains sections of both TE and GBM. Using the respective thresholds, GBM (red) and TE (white) are shown in areas within enhancement on post-contrast SPGR (a) using sRCBV (b), nRCBV (c), and nCBF (d) thresholds compensation for any potential error due to brain shift or swelling, and diminishes potential errors caused by extracting values from lower resolution parameter maps at a higher resolution following co-registration.
Another possible limitation to this analysis is that the pure GBM samples were combined from patients with both treatment-naïve and treated GBM and therefore underlying biological differences may be present. Yet, combining data from both groups was justified by the fact that treated and untreated tumor were indiscernible based on H&E analysis and the imaging results from a sub-analysis of only treatedsubject samples were equivalent to those obtained when the treated and untreated GBM populations were combined. In fact, the inclusions of both treated and untreated GBM may make the results from this study more robust in that they are more generally applicable throughout a patient's treatment course and for a range of tumor conditions. Lastly, we also recognize that there may be inherent bias in selecting symptomatic patients, since these are the patients more likely to undergo surgery and thus have more aggressive tumor on imaging.
This study demonstrates that although thresholds for ADC, PH, and PSR could not be determined to spatially map areas of GBM and TE, thresholds for sRCBV, nRCBV, or nCBF could be determined enabling a more decisive representation of the lesion. Unlike histogram analysis or gross-regional metrics, a clear benefit of this approach is the additional visual assessment that may be provided to clinicians to determine tumor growth or response to treatment, in addition to the ability to quantitatively assess the percent of enhancing lesion that is GBM.
Conclusion
The ability to determine whether a patient with a brain tumor is responding to therapy or progressing has remained a difficult challenge. To date this assessment has been based primarily on the radiographic appearance of contrast-agent enhancing lesions on MRI, with disappointing results. Here we validate, with spatially-correlated tissue samples, that normalized and standardized cerebral blood volume (nRCBV, sRCBV) can distinguish tumor from treatment effect on a per-voxel basis, whereas ADC cannot. Knowledge of the proportion of enhancing lesion that represents tumor has the potential to impact treatment management decisions in daily clinical practice as well as for the evaluation of new therapies in clinical trials.
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